
An Intro to Ion Traps 
and the Berkeley 
ElectroStatic Trap



Outline
• Short intro to ion traps.

• A novel ElectroStatic trap.

• Some possible applications.

• Project status.



Why Ion Traps?
• Localization.

• Low Energy.

• Dilute System.

Can be used for...

• Quantum Information Measurements.

• Mass Measurements.

• Beyond SM high precision studies (EDM, β decay, 
APV,....).



General Principles
• 3D trapping requires a potential minimum. Conveniently 

taken to be harmonic.

F ∝ −�r

F = −∇U

Φ =
Φ0

d2
(Ax2 + Bx2 + Cz2)

• In general Φ can be a time-dependent function.

• Also note that this means no electrostatic traps.

∇2Φ = 0⇒ A + B + C = 0
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• In general Φ can be a time-dependent function.

• Also note that this means no electrostatic traps.

∇2Φ = 0⇒ A + B + C = 0Only saddles in 3D.
“Ernshaw’s Theorem”
(more on this later)



General Principles
∇2Φ = 0⇒ A + B + C = 0

Take rotational symmetry to get A=B=1, C=-2.

Φ =
φ0

d2
(x2 + y2 − 2z2) =

φ0

d2
(ρ2 − 2z2)

Two general types of traps:

• Penning trap: superimpose a magnetic field along the z axis.
• Paul trap: use time varying (RF) electric fields.
• Linear variant of the Paul trap.

Hyperbolic electrode surfaces:
ρ2 − 2z2 = r2

0

ρ2 − 2z2 = −2z2
0

d2 = r2
0 + 2z2

0
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Some Math (sorry...)
Paul Traps

EOM (homogeneous Mathieu):

Φ =
U0 + V0 cos Ωt

2d2
(r2 − 2z2)

Applied between ring 
and endcaps

∂2u

∂t2
=

Q

Md2
(U0 + V0 cos Ωt)u

∂2u

∂t2
+ (a− 2qτ)u = 0

(τ = Ωt, ax = ay = −2az = −4QU0/Md2Ω2,

qz = qy = 2qz = 2QV0/Md2Ω2)

Stability Diagram

Wuerker et al., J. Appl Phys  30, 342 (1959)

Slow macromotion 
super imposed with 
RF drive frequency ui(t) � A

�
1− qi

2
cos Ωt

�
cosωit

ωi = βiΩ/2, βi � ai + q2
i /2
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Can move 
operating point for mass 

selection



Some Math (sorry...)
Penning Traps

Apply a magnetic field + 
DC electric field

Φ =
Φo

2d2
(r2 − 2z2)

�B = (0, 0, B)
�F = −QΦ + Q(�v × �B)

d2x

dt2
− w2

c
dy

dt
− 1

2
w2

zx = 0

d2y

dt2
+ w2

c
dx

dt
− 1

2
w2

zx = 0

d2z

dt2
+ w2

zz = 0

wz =
�

2QΦ0

Md2
, wc =

|QB0|
M

w+ =
1
2
(wc +

�
w2

c − 2w2
z)

w− =
1
2
(wc −

�
w2

c − 2w2
z)



Now What?
Detection

• Destructive:

• Lower endcap voltage.

• HV kick.

• TOF-ICR (Penning Trap).
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Fig. 21. Principle of the time-of-flight cyclotron resonance detection technique [107].

time-of-flight detection and narrow-band image charge observation methods will be described since they are the only
detection techniques used in high-accuracy mass spectrometry on a single or very few stored ions.

4.2.1. Time-of-flight detection
In the time-of-flight ion–cyclotron resonance (TOF-ICR) detection technique [107] the ions are first prepared at a

well-defined radius of the magnetron motion. Here, the orbital frequency and, therefore, the orbital magnetic moment
!! as well as the associated energy E = !! !B, are small. By application of a resonant quadrupolar excitation, with an
appropriate choice of amplitude and excitation time, the magnetron motion is completely converted into the (modified)
cyclotron motion (see Section 4.1.2) while the radial radius remains constant [141].

When the ions are ejected from the trap after one full conversion (by lowering the trapping potential of the down-
stream end electrode) at initially low axial velocity they drift along the axis out of the magnetic field, as shown in
Fig. 21. In passing through the magnetic field gradient the ions get accelerated due to the gradient force and thus
the axial velocity of the ions increases. The force is proportional to the magnetic moment and hence to the radial
energy Er,

!F = −!!( !∇ !B) = −Er

B

!B

!z
ẑ . (48)

In each of several experimental cycles, different excitation frequencies are applied. Since the magnetic moment and
the radial energy of the ions are larger in resonance due to the higher frequency of the cyclotron motion as compared
to the magnetron frequency, the resonantly excited ions arrive earlier at the detector than those ions that have been
excited non-resonantly. For the determination of the time of flight the ejection from the trap is the start signal and the
ions’ arrival at the detector the stop signal. The change in the time of flight from the trap center (z = 0) to the detector
(z = z1) for a given radial energy Er can be calculated by

Ttot("q) =
∫ z1

0

√
m

2(E0 − qU(z) − !("q)B(z))
dz , (49)

where E0 denotes the initial axial energy of the ion and U(z) and B(z) the electric and magnetic potential difference,
respectively. A variation of the quadrupole frequency "rf results in a characteristic time-of-flight cyclotron resonance

�F = −�µ(∇ �B) = −Er

B

∂B

∂z
ẑ

Ttof =
� z1

0

�
M

2(E0 − qU(z)− µB(z))

Resolution of ~10-9 achieved for 
stable ions.

K. Blaum, Phys. Rep. 425, 1 
(2006)
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Fig. 22. Cyclotron resonance curve of 39K+ for an excitation duration of Trf = 900 ms. The solid line is a fit of the theoretically expected line shape
to the data [162]. The inset shows two time-of-flight spectra off and in resonance, labeled with (1) and (2), respectively.

curve. The theoretically expected line shape for such a resonance (see Fig. 18b) is mainly determined by the Fourier
transformation of the rectangular time excitation profile and is similar to the absolute value of the so called sinc(x)-
function f (x)=sin(!x)/!x [162]. This line profile can be fitted to the experimental data. Such a fit is included in Fig. 22
for the stable nuclide 39K, which shows excellent agreement. The effect of resonant and off-resonant excitation on the
time of flight is shown in the inset of Fig. 22. The resonantly excited ions (2) are clearly shifted to lower time-of-flight
times compared to the non-resonant case (1). The width of such a TOF-ICR signal, and thus the resolving power, is
Fourier limited by the duration of the quadrupolar excitation.

In the isochronous mass spectrometry (IMS) mode of the storage ring the revolution times of each individual stored
ion are also measured by a destructive time-of-flight technique. To this end the ions cross a very thin, metallized carbon
foil, being typically a few !g cm−2 thick, mounted in the ring aperture, and eject at each passage "-electrons which
are guided by electric and magnetic fields to a suitable detector. In this way, every ion produces periodically at each
passage a time-stamp. With a proper data analysis software the fast-sampled sum signal can be assigned to individual
ions and their mass can be determined via the measured time of flight. Due to energy loses in the foil only a few hundred
to a few thousand turns can be observed for one and the same ion.

4.2.2. Detection by image charges
The main advantage of a non-destructive ion detection technique is the possibility to repeat the experiment with

the identical trap content, i.e., a reloading of the trap is not required. With the detection of the image charges a full
resonance spectrum after one experimental cycle can be obtained instead of repeated probing of the expected cyclotron
frequency. This is a huge time saver. However, in high-accuracy mass measurements usually one works with only a
single (or only very few) ions in the trap at any given time, in order to avoid any frequency shifts due to space charge
effects (see Section 3.3.2). In addition, the amplitudes of the ion motion are kept rather small to avoid the influence
of inhomogeneities of the trapping fields. Thus, the image-charge methods have to be very sensitive and highly tuned
circuits of high quality factor Q have to be used, as shown in Fig. 23.

The signal-to-noise ratio of a narrow-band image charge detection is given as

S
N

=
√

#
2

rion

D
q

√
$

"$

√
Q

kT C
, (50)

where rion is the motional radius and q the charge state of the ion, D is the effective electrode distance, $/"$ is the
ratio of the ion frequency and spectral width, T is the temperature and C the capacity of the detection system. The
signal of the charged particle stored in a Penning trap is picked up by means of an attached narrow-band electronic
resonance circuit working under cryogenic conditions (T = 4.2 K). It enables the detection of a single ion as well as
further successive measurements with the same ion. The invariance principle requires the measurement of all three
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Now What?
Detection

• Non-Destructive:

• Bolometric detection.

• Destructive:

• Lower endcap voltage.

• HV kick.

• TOF-ICR (Penning Trap).

Moving ion = Moving 
charge = current

I = Γ
qż

2z0

Unoise =
�

4kBTR∆ν

Also cools ions

(resistive cooling)



Now What?
Detection

• Non-Destructive:

• Bolometric detection.

• Fourier Transform.

• Broadband.

• Resonant.

• Destructive:

• Lower endcap voltage.

• HV kick.

• TOF-ICR (Penning Trap).

Moving ion = Moving 
charge = current

More on this later

Detection of image 
charges on electrodes



Now What?
Detection

• Non-Destructive:

• Bolometric detection.

• Fourier Transform.

• Broadband.

• Resonant.

• Optical.

• Destructive:

• Lower endcap voltage.

• HV kick.

• TOF-ICR (Penning Trap).

Moving ion = Moving 
charge = current

Easy, intuitive, cooool, but:

• Expensive.

• Limited (mostly alkali-
like ions).

Also, lets you do laser 
cooling.



An Electrostatic Ion Beam 
Trap (EIBT) and (some) 

Possible Applications



Ernshaw’s Theorem
A collection of point charges cannot be maintained in a stable 
stationary equilibrium configuration solely by the electrostatic 
interaction of the charges.

Restatement of Gauss’ Law (for free space)

No local minima or maxima in free space (only saddle points).
Naively speaking → No electrostatic ion traps

∇ · E ∝ ∇ · F = −∇2φ = 0
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Time varying & Magnetic fields.
Electronic correction.
Diamagnetic materials (aka “Floating Frog”).
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An Electrostatic Ion Beam 
Trap (EIBT) and (some) 

Possible Applications

Ion Beam



But what about moving ions...
Ernshaw’s theorem talks about stationary charges.
Moving charges in an electrostatic field actually “see” changing fields.
Trap design very similar to a resonant cavity for laser light.
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The potential Vs is divided linearly across the electrodes. An

additional grounded electrode �A1� closes the stack of elec-
trodes to reduce the electric fields outside the trap. Two ad-

ditional electrodes �labeled Z1 and Z2� act as focusing elec-
trodes, where Z1 is at a potential Vz and Z2 is grounded. As

such, these two electrodes, together with electrode E5, act as

an asymmetric Einzel lens. Thus, for a given geometry, the

ion trap is characterized by only two parameters, which are

the stopping and focusing potentials, Vs and Vz , respec-

tively. More technical details will be given in a forthcoming

publication �8�.
The main question is to determine the values of Vs and

Vz for which the ions are trapped between the two mirrors. It

is well known that many principles of geometric optics can

be applied to ion optics. The above system is very much

based on the same principle as for an optical resonator made

of two equivalent mirrors. For an optical resonator working

with a Gaussian beam, the stability criterion is related to the

focusing properties of the mirrors �9�:

0�� 1�
L

2 f
� 2�1, �1�

where f is the focal length of the two mirrors and L is the

effective distance between them. Equation �1� is equivalent
to

L

4
� f�� . �2�

Thus, the stability condition �for a beam close to the axis of

symmetry� requires the focal length of the mirrors to be
larger than some critical portion of the trap length, a property

that is easy to fulfill with the above design. Also, the value of

the stopping potential has to be high enough to confine the

ions longitudinally, i.e., the condition qeVs�Ek has to be

fulfilled, where q is the charge of the ions and Ek is their

kinetic energy. The focal length of the electrostatic mirrors

of the trap was found as a function of the focusing potential

by computing particle trajectories using SIMION �Ver. 6� �10�.
As an example, for a beam of 4-keV singly charged ions and

Vs�6.5 kV, the range of values for which Eq. �2� is valid
was found to be 3.13�Vz�3.5 kV for a beam diameter up to
3 mm �more details will be given in a subsequent publication
�8��. A few aspects of the above design merit particular at-

tention.

First, the trap is completely electrostatic, a feature that

seems prima facie in contradiction with the so-called

‘‘nontrapping’’ theorem �the Earnshaw theorem �11��, which
forbids trapping of charged ions using purely static fields.

However, this is valid only if the kinetic energy of the ions is

zero. In the present case, the field is changing in the frame of

reference of the ions due to their kinetic energy.

Second, because the trap is electrostatic, the trapping is

only energy (Ek) and charge �q� dependent �in fact, Ek/q�.
This is different from the high-energy storage ring devices,

where the magnetic rigidity of the dipole magnets limits the

maximum mass of the ions that can be stored at a given

energy. Furthermore, one can store simultaneously different

ions with the same Ek/q ratio, enabling the studies of ion-ion

collisions in the trap, or its use as a part of a mass spectro-

meter.

Third, the central part of the ion trap, which can be made

as short or long as needed �see Eq. �2��, is field free: Because
the electrodes Z2 are grounded, this region is shielded from

the electrostatic fields of the mirrors and Einzel lenses. In

this region, the ions travel in straight lines with their injec-

tion energy. This is different from the Kingdon trap �12�,
which is also an electrostatic trap, but where ions orbit

around a charged wire, always in the presence of an electro-

static field. The fact that the ions travel in straight lines in the

central region is very useful for experiments where merged-

or crossed-beams configurations are required.

The lifetimes of various stored ions were measured using

a microchannel plate detector located beyond the exit elec-

trodes of the ion trap �see Fig. 1�. At a few keV, the most

FIG. 1. Schematic view of the ion trap. The ion beam is injected from the left, when the entrance electrodes are grounded. The three

electrodes E5, Z1, and Z2 form an asymmetric Einzel lens, which is used for focusing the ions. Neutral particles escaping the trap are

monitored by a microchannel plate detector downstream. The drawing is not to scale.

R1578 55D. ZAJFMAN et al.Trap Design

Realized at the Weizmann Institute (Israel). Also used in a cryogenic 
setup in Heidelberg.









Potential Contours

Simulated Ions in Trap



Ion Behavior In the Trap
From simple arguments the width of the ion 
cloud in the trap should
increase as a function of the oscillation 
number (not all ion have the exact same 
energy). 

Wn = (W 2
0 + n2∆T 2)1/2

dT

dv
!

4m

qF
"

2L

v2 ! 0. (5)

When the period of oscillation of the ions in the trap
was measured, it appeared that, at V1 ! 4.75 kV, the
value of T was minimum and that, for voltages below this
value, dT/dv # 0.

To understand the importance of dispersion function
dT/dv for a system of many interacting particles moving
in the trap, we represent their motion in the trap as a
sphere of radius R0 with charge density !, together with a

Fig. 2. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.2–0.22 ms, (b) 0.3–0.32, (c) 0.5–0.52, and
(d) 1–1.02 ms.

Fig. 3. Diffusion constant "T as a function of the voltage on the
last electrode of the mirrors.

Fig. 4. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.5–0.52, (b) 15–15.02, (c) 50–50.02, and (d)
90–90.02 ms.

1030 J. Opt. Soc. Am. B/Vol. 20, No. 5 /May 2003 Zajfman et al.

Signal in pickup electrode for 
different times after injection.

D. Zajfman et al., J. Opt. Soc. Am. B20, 1028 (2003)



Ion Behavior In the Trap
From simple arguments the width of the ion 
cloud in the trap should
increase as a function of the oscillation 
number (not all ion have the exact same 
energy). 

Wn = (W 2
0 + n2∆T 2)1/2

dT

dv
!

4m

qF
"

2L

v2 ! 0. (5)

When the period of oscillation of the ions in the trap
was measured, it appeared that, at V1 ! 4.75 kV, the
value of T was minimum and that, for voltages below this
value, dT/dv # 0.

To understand the importance of dispersion function
dT/dv for a system of many interacting particles moving
in the trap, we represent their motion in the trap as a
sphere of radius R0 with charge density !, together with a

Fig. 2. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.2–0.22 ms, (b) 0.3–0.32, (c) 0.5–0.52, and
(d) 1–1.02 ms.

Fig. 3. Diffusion constant "T as a function of the voltage on the
last electrode of the mirrors.

Fig. 4. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.5–0.52, (b) 15–15.02, (c) 50–50.02, and (d)
90–90.02 ms.

1030 J. Opt. Soc. Am. B/Vol. 20, No. 5 /May 2003 Zajfman et al.

Signal in pickup electrode for 
different times after injection.
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Using the pickup, it is possible to measure the 
detuning coefficient for different values of the 
(outer) electrode potential.
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For some values of the 
potential there is no dispersion!
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Why?
V (x) =

�
0 |x| ≤ L/2
F (|x|− L/2) |x| > L/2

1D model for the potential in the 
trap

T = 4
�

L

2ν
+

mν

qF

�
Oscillation period for ion with 
initial velocity ν

dT

dν
=

4m

qF
− 2L

ν2
= 0 Extremum (minimum) condition

For V1<4.75 KV (empirically, for 4.2keV 
Ar+ ions) dT/dν>0  
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If you were an accelerator physicist 
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“Negative Mass Instability”
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Figure 3. Frequency spectrum obtained by fast Fourier transform of the pickup signal when a
bunch comprising two isotopes of singly charged xenon ions is injected into the trap. Only the
seventh harmonics are shown. The inset shows an enhanced view of the left peak.

approaches the values measured using the Fourier transform ion cyclotron resonance (FTICR)
technique [11], which is considered to be the most precise technique in general use available
today, but requires superconductor magnets to achieve high resolution. Additional studies
are needed to understand the limit of the mass separation: preliminary data show that, when
the mass difference between two species is very small, they tend to produce a single bunch
under the self-bunching conditions, a phenomenon known in FTICR as well, called peak
coalescence [11].
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(269 yr)
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(26 sec)

11Be
(14 sec)

121Te
(19 days)18N

(622 msec)
70Cu
(4.5 sec)
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• Long lived - easy 
transport.

• 38,40Ar stable - perfect for 
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• Produced via 40Ar(p,d)39Ar 
with ~27 MeV protons.

• 40Ar pretty much the 
easiest stuff to get.

• Long lived - easy 
transport.

• 38,40Ar stable - perfect for 
calibration.

• All-in-all a good test case.

What about 
superheavy 
elements?



So what is it good for? (2)
Mass Selection

Apply RF pulse at correct frequency 
to “kick out” bunches with incorrect 
oscillation frequency.



So what is it good for? (3)
βdecay studies

Parameter Observable Sensitivity SM Prediction

a β-ν (recoil) correlation Tensor & Scalar terms 
1 for pure Fermi
-1/3 for pure GT
or combination

b
(Fierz term)

Comparison of β+ to EC rate SV/T/A interference 0

A
β asymmetry for polarized 

nuclei
Tensor, ST/VA

Parity
Nucleus dependent

B
ν asymmetry (recoil) for 

polarized nuclei
Tensor,TA/ST/VA/SA/VT

Parity
Nucleus dependent

D Triple product
ST/VA Interference

TRI
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Ion Trap for β decay - been done before (or in 
planning)

• WITCH - ISOLDE/CERN

• TITAN - TRIUMF

• LPC-Cean - GANIL

• Complicated

• Superconducting

• Big / Stationary

Can we use an 
EIBT for this?



β-Decay Studies
The General Idea

Electric Field Free Region

Trapping electrodes

Scintillator

Scintillator

MCP

Position
Detector

• Recoil ion detected in MCP.
• β detected in position detectors.
• Need bunch position for full reconstruction (multiple scattering of β in 

detectors).
• Large solid angle + kinematic focussing ➞ detection efficiency > 50%.
• No need for electrostatic acceleration (ions at ~keV). Decay in field free 

region.



Some Simulation Results
β decay of 21Na+ →21Ne+ + β+ + ν
Kinetic energy of original ion 4.2KeV
Cuts require hits in only one MCP and only 
one SSD (no ambiguity)

Kinematic focusing



Polarization in β-Decay Studies
Neat trick

Electric Field Free Region

Scintillator

Scintillator

MCP

• Add on-axis magnetic field for Zeeman splitting.
• On-axis field does not effect the trajectories (V X B = 0).
• Polarize ions with circularly polarized lasers.
• Due to large doppler shift (high energy ions) ➞ two independent ion 

populations (parallel/anti-parallel).
• MCP hit is determined by direction of ion ➞ each MCP sees only one 

population.
• Need polarizable ions (usually singly ionized alkaline earth metals - which 

look like alkali metals when singly ionized).

B Field

σ+

σ-

Field Coils



Polarization in β-Decay Studies
Neat trick

Electric Field Free Region

Scintillator

Scintillator

MCP

• Add on-axis magnetic field for Zeeman splitting.
• On-axis field does not effect the trajectories (V X B = 0).
• Polarize ions with circularly polarized lasers.
• Due to large doppler shift (high energy ions) ➞ two independent ion 

populations (parallel/anti-parallel).
• MCP hit is determined by direction of ion ➞ each MCP sees only one 

population.
• Need polarizable ions (usually singly ionized alkaline earth metals - which 

look like alkali metals when singly ionized).

B Field

σ+

σ-

Field Coils

Pretty much only possible in 
optical and ES traps
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   39Ca !!!!  Decay (859.6 ms)    1994Ha07,1984Ad01 (continued)   

   "+,!  Data (continued)   

E! E(level) I"+†‡ I!‡ Log f t I(!+"+)‡

   ( 6 5 3 2 . 6  1 9 )        0 . 0      9 9 . 9 2 1  3      0 . 0 7 6 8  8       3 . 6 3 2 6  1 0    9 9 . 9 9 7 5  2 7

 † From measured l imits of  #–ray intensities.   
 ‡ For intensity per 100 decays,  multiply by 1.   
 § Existence of  this branch is questionable.   

   # (39K)   

E#† E(level) I#‡ Comments

   1 1 3 0          3 9 4 4
   1 3 1 2          4 1 2 6
   1 5 7 3          4 0 9 5
   1 9 5 3          4 4 7 5
   2 5 2 2 . 2 5  2 6    2 5 2 2 . 3 4     0 . 0 0 2 5  3 I# :  from I"  feeding.  
   2 8 1 4          2 8 1 4
   3 0 1 9          3 0 1 9
   3 5 9 8          3 5 9 8
   3 8 8 3          3 8 8 3
   3 9 3 9          3 9 3 9
   4 0 8 2          4 0 8 2

 † Nominal values,  rounded to nearest keV, from 'adopted gammas' ,  except that E #=2522.25 is from 1994Ha07.  
 ‡ For absolute intensity per 100 decays,  multiply by 1.   

3/2+ 0.0 859.6 ms

%!+%"+=100

3
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9
0Ca19

Q+(g.s. )=6532.619

3/2+ 0.0 3.63260.076899.921

1/2+ 2522.34 7.020.0000120.0025

7/2– 2814 >9.01u<0.00001<0.00035

3/2– 3019 >7.5<0.3<0.00033

9/2– 3598 >6.7<0.00001<0.00070

5/2– 3883 >6.7<0.00001<0.00039

3/2+ 3939 >6.7<0.00001<0.00030

11/2– 3944 >5.7<0.0001<0.0028

3/2– 4082 >6.5<0.00002<0.00033

1/2+ 4095 >6.5<0.00002<0.00034

7/2– 4126 >7.31u<0.00005<0.00031

(1/2,3/2)– 4475 >5.8<0.00006<0.00044
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  Decay Scheme  

Intensities:  I(#+ce) per 100 parent decays
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EXAMPLE 39K

Mirror decay 3/2+ → 3/2+

Combination GF and F but calculable
Q = 6.532 MeV
τ1/2=860 ms
For 4.2keV ~360GHz doppler shift ➛ 
720GHz σ+/σ- separation.

Ion Trap Quantum Computing with Ca+ Ions 63

(8,9) and, with a different formulation, Milburn(10) proposed a scheme
for “hot” quantum gates, i.e., their procedures for gate operations do
not require ground state cooling of an ion string. Although successfully
applied to trapped Be+ ions,(11) with the trapping parameters currently
available, these gate procedures are not easily applicable to Ca+ ions.
Other gates based on ac Stark shifts have been suggested by Jonathan
et al.(12) and holonomic quantum gates (using geometric phases) have been
proposed by Duan et al.(13) A different CNOT-gate operation also based
on the ac Stark effect which does not require individual addressing and
ground state cooling has been realized with trapped Be+ ions.(14)

3. SPECTROSCOPY IN ION TRAPS

Ions are considered to be trapped in a harmonic potential with fre-
quency νz, interacting with the travelling wave of a single mode laser
tuned close to a transition that forms an effective two-level system.

Internal state detection of a trapped ion is achieved using the electron
shelving technique. For this, one of the internal states of the trapped atom
is selectively excited to a third short-lived state thereby scattering many
photons on that transition if the coupled internal state was occupied. If,
on the other hand, the atom’s electron resides in the uncoupled state of
the qubit (i.e., the electron is shelved in that state) then no photons are
scattered and thus the internal state can be detected with an efficiency of
nearly 100%.(15)

Figure 1 shows the relevant levels of the Ca+ ion which are populated
in the experiment. The qubit is implemented using the narrow quadrupole
transition at 729 nm, i.e., |g〉=|S1/2〉 and |e〉=|D5/2〉. For optical cooling
and state detection, resonance fluorescence on the S1/2–P1/2 transition is

S1/2

P1/2

D3/2729nm

D5/2

P3/2

866nm

393nm

397nm

854nm

Fig. 1. Level scheme of 40Ca+. The qubit is implemented using the narrow quadrupole
transition. All states split up into the respective Zeeman sublevels.
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39Ca→ 39K + β+ + νe



“High Energy” Chemistry (IV)
An experiment looking for a theorist

• Production of radioactive molecules/
dimer/clusters is fairly trivial (usually a 
side effect of the production of radioactive 
atoms/ions).

• Ionization of such molecules - also trivial.
• ES trap can easily trap molecules of 

hundreds of amu (also used for bio-
molecules).

• Radioactive decay dumps a lot of 
energy and momentum into the decay 
products.

• Time scale for decay/emission of 
shakeoff products is effectively 
instantaneous.

• Detect molecular decays in ES trap.
• Energy/Momentum sharing between decay products (electronic 

interaction timescales?).
• Angular correlation in decays (potential?).
• High detection efficiency.
• Mass resolution good enough for selection of different numbers of 

radioactive atoms in clusters 23Na4 − 21Na23Na3
4Na23

∼ 2
92

23Na4 − 21Na2
23Na2

4Na23
∼ 4

92

Trivial



Open Issues
• Installation at LBL (ECR source, isotope selection 

(probably start with 39Ar)) - looking at using 14O 
beamline.

• Detector design: SSD, Thick GEM+Scintillator .

• Detection:

• Initially we plan to use image charge detection (but 
that is relevant for large ion populations or highly 
charged ions).

• Single ion detection? (Relevant for SH) SQUID?

• Ion bunch size:

• Injection bunch size (fast switches, but would also be 
nice to bunch first with say an RFQ).

• WI are trying to reduce bunch size by RF voltages on 
the electrodes.

• We want to try several schemes (“stochastic cooling” 
- RF kicker, Laser cooling where applicable).



Status

Trap Axis

Vacuum Chamber
Preliminary
Beamline
Design

Trap
during 

fit test

Trap
electrode

sets



Summary
• Ion traps are useful for many applications.

• But... conventional ion traps are problematic and 
technically challenging.

• EIBT is an easy and versatile trap to make. Can 
almost be a “black box” transportable setup.

• We expect to have a trap setup for installation 
soon, initially for mass spectroscopy but hopefully 
later for β decay studies.

• Collaboration/Comments/Ideas always welcome.



THGEM - Thick Gaseous Electron Multiplier

Sealed GEM (UV Detector)
M. Balcerzyk et al., IEEE Tran. 
Nucl. Sci. 50, 1 (2003)


